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The atomically flat surface of graphene provides an opportunity to apply carbon-carbon bond-forming 
chemical reactions to engineer the electronic properties of graphene circuitry. In particular, covalent 
functionalization of the surface or the edge of graphene ribbons provides a novel way to introduce patterning 
that can modulate the energy band gap, affect electron scattering, and direct current flow by producing 
dielectric regions in a graphene wafer. We discuss the use of Raman spectroscopy and scanning tunneling 
microscopy to characterize the surface functionalization periodicities and densities that have been produced 
by the chemical derivatization of epitaxial graphene together with the concomitant changes in the electronic 



































































































































































































































REFERENCES AND NOTES 
 
 
(1) Berger, C.; Song, Z.; Li, T.; Li, X.; Ogbazghi, A. Y.; Feng, R.; Dai,Z.; Marchenkov, A. N.; Conrad, E. 
H.; First, P. N.; de Heer, W. A.J. Phys. Chem. B 2004, 108 (52), 19912–19916. 
(2) Novoselov, K. S.; Geim, A. K.; Morozov, S. V.; Jiang, D.; Zhang, Y.; Dubonos, S. V.; Grigorieva, I. V.; 
Firsov, A. A. Science 2004, 306, 666–669. 
(3) Lin, Y. M.; Dimitrakopoulos, C.; Jenkins, K. A.; Farmer, D. B.; Chiu, H. Y.; Grill, A.; Avouris, P. 
Science 2010, 327 (5966), 662–662. 
(4) Nakada, K.; Fujita, M.; Dresselhaus, G.; Dresselhaus, M. S. Phys Rev. B 1996, 54, 17954–17961. 
(5) Wakabayashi, K.; Fujita, M.; Ajiki, H.; Sigrist, M. Phys Rev. B 1999, 
59, 8271–8282. 
(6) Han, M. Y.; Ozyilmaz, B.; Zhang, Y. B.; Kim, P. Phys. Rev. Lett. 2007, 98 (20), 206805–4. 
(7) Ryu, S.; Han, M. Y.; Maultzsch, J.; Heinz, T. F.; Kim, P.; Steigerwald, M.; Brus, L. E. Nano Lett. 2008, 
8, 4597–4602. 
(8) Jiao, L.; Zhang, L.; Wang, X.; Diankov, G.; Dai, H. Nature 2009, 
458, 877–880. 
(9) Jiao, L.; Wang, X.; Diankov, G.; Wang, H.; Dai, H. Nat. Nanotechnol. 2010, 5, 321–325. 
(10) Kosynkin, D. V.; Higginbotham, A. L.; Sinitskii, A.; Lomeda, J. R.; DImiev, A.; Price, B. K.; Tour, J. 
M. Nature 2009, 458, 872–876. 
(11) Bekyarova, E.; Itkis, M. E.; Ramesh, P.; Berger, C.; Sprinkle, M.; 
de Heer, W. A.; Haddon, R. C. J. Am. Chem. Soc. 2009, 131, 1336– 1337. 
(12) Bekyarova, E.; Itkis, M. E.; Ramesh, P.; Haddon, R. C. Phys. Status Solidi RRL 2009, 3, 184–186. 
(13) Hu, H.; Zhao, B.; Hamon, M. A.; Kamaras, K.; Itkis, M. E.; Haddon, R. C. J. Am. Chem. Soc. 2003, 
125, 14893–14900. 
(14) Kamaras, K.; Itkis, M. E.; Hu, H.; Zhao, B.; Haddon, R. C. Science 2003, 301, 1501. 
(15) Sprinkle, M.; Siegel, D.; Hu, Y.; Hicks, J.; Tejeda, A.; Taleb-Ibrahimi, A.; LeFevre, P.; Bertran, F.; 
Vizzini, S.; Enriquez, H.;Chiang, S.; Soukiassian, P.; Berger, C.; de Heer, W. A.; Lanzara,A.; Conrad, E. H. 
Phys. Rev. Lett. 2009, 103, 226803-1–226803-4. 
(16) Coletti, C.; Riedl, C.; Lee, D. S.; Krauss, B.; Patthey, L.; vonKlitzing, K.; Smet, J. H.; Starke, U. Phys. 
Rev. B 2010, 81, 235401-1–235401-8. 
(17) Ferrari, A. C.; Meyer, J. C.; Scardaci, V.; Casiraghi, C.; Lazzeri, M.;Mauri, F.; Piscanec, S.; Jiang, D.; 
Novoselov, K. S.; Roth, S.; Geim 
(18) Malard, L. M.; Pimenta, M. A.; Dresselhaus, G.; Dresselhaus, M. S.Phys. Rep. 2009, 473, 51–87. 
(19) Mapelli, C.; Castiglioni, C.; Zerbi, G.; Mullen, K. Phys. Rev. B 1999,60 (18), 12710–12725. 
(20) Sharma, R.; Baik, J. H.; Perera, C. J.; Strano, M. S. Nano Lett. 2010,10, 398–405. 
(21) Koehler, F. M.; Jacobsen, A.; Ensslin, K.; Stampfer, C.; Stark, W. J.Small 2010, 6 (10), 1125–1130. 
(22) Farmer, D. B.; Golizadeh-Mojarad, R.; Perebeinos, V.; Lin, Y.-M.;Tulevski, G. S.; Tsang, J. C.; 
Avouris, P. Nano Lett. 2009, 9 (1),388–392. 
(23) Liu, Y. C.; Mccreery, R. L. J. Am. Chem. Soc. 1995, 117 (45), 11254–11259. 
(24) Hass, J.; de Heer, W. A.; Conrad, E. H. J. Phys.: Condens. Matter2008, 20, 323202. 
(25) Faugeras, C.; Nerriere, A.; Potemski, M.;Mahmood, A.; Dujardin,E.; Berger, C.; de Heer, W. A. Appl. 
Phys. Lett. 2008, 92 (1), No.011914-3. 
(26) Riedl, C.; Starke, U.; Bernhardt, J.; Franke, M.; Heinz, K. Phys.Rev. B 2007, 76, 245406-1–245406-8. 
(27) Hass, J.; Varchon, F.; Millan-Otoya, J. E.; Sprinkle, M.; Sharma,N.; de Heer, W. A.; Berger, C.; First, 
P. N.; Magaud, L.; Conrad,E. H. Phys. Rev. Lett. 2008, 100 (12), 125504-4. 
(28) Poncharal, P.; Ayari, A.; Michel, T.; Sauvajol, J.-L. Phys. Rev. B2008, 78, 113407. 
(29) Boukhvalov, D. W.; Katsnelson, M. I. Phys. Rev. B 2008, 78, No.085413. 
(30) Balog, R.; Jorgensen, B.; Nilsson, L.; Andersen, M.; Rienks, E.;Bianchi, M.; Fanetti, M.; Laegsgaard, 
E.; Baraldi, A.; Lizzit, S.;Slijivancanin, Z.; Besenbacher, F.; Hammer, B.; Pedersen, T. G.;Hofmann, P.; 
Hornekaer, L. Nat. Mater. 2010, 9, 315-319. 
(31) Delgado, J. C.; Herrera, J. M. R.; Jia, X.; Cullen, D. A.; Muramatsu,H.; Kim, Y. A.; Hayashi, T.; Ren, 
Z.; Smith, D. J.; Okuno, Y.; Ohba,T.; Kanoh, H.; Kaneko, K.; Endo, M.; Terrones, H.; Dresselhaus,M. S.; 
Terrones, M. Nano Lett. 2008, 8 (9), 2773–2778. 
(32) Elias, D. C.; Nair, R. R.; Mohiuddin, T. M. G.; Morozov, S. V. B.,P.; Halsall, M. P.; Ferrari, A. C.; 
Boukhvalov, D. W.; Katsnelson,M. I.; Geim, A. K.; Novoselov, K. S. Science 2009, 323, 610–613. 
(33) Luo, Z.; Yu, T.; Kim, K.-j.; Ni, Z.; You, Y.; Lim, S.; Shen, Z.; Wang,S.; Lin, J. ACS Nano 2009, 3 (7), 
1781–1788. 
(34) Thomsen, C.; Reich, S. Phys. Rev. Lett. 2000, 85 (24), 5214–5217. 
(35) Tuinstra, F.; Koenig, J. L. J. Chem. Phys. 1970, 53 (3), 1126–1130. 
(36) Ferrari, A. C.; Robertson, J. Phys. Rev. B 2000, 61 (20), 14095–14107. 
(37) Lucchese, M. M.; Stavale, F.; Ferreira, E. H. M.; Vilani, C.; 
Moutinho, M. V. O.; Capaz, R. B.; Achete, C. A.; Jorio, A. Carbon2010, 48, 1592–1597. 
(38) Jiang, D.; Sumpter, B. G.; Dai, S. J. Phys. Chem. B 2006, 110,23628–23632. 
(39) Kudin, K. N.; Ozbas, B.; Schniepp, H. C.; Prud’homme, R. K.;Aksay, I. A.; Car, R. Nano Lett. 2008, 8 
(1), 36–41. 
(40) Pisana, S.; Lazzeri, M.; Casiraghi, C.; Novoselov, K. S.; Geim, A. K.;Ferrari, A. C.; Mauri, F. Nat. 
Mater. 2007, 6, 198–201. 
(41) Das, A.; Pisana, S.; Chakraborty, B.; Piscanec, S.; Saha, S. K.;Waghmare, U. V.; Novoselov, K. S.; 
Krishnamurthy, H. R.; Geim,A. K.; Ferrari, A. C.; Sood, A. K. Nature Nanotechnol. 2008, 3 (4),210–215. 
(42) Yan, J.; Henriksen, E. A.; Kim, P.; Pinczuk, A. Phys. Rev. Lett.2008, 101, 136804-1136804-4. 






FIGURE 1. Characteristics of nitrophenyl (NP) functionalized exfoliated graphene. (a) Schematic of the 
reaction of p-nitrobenediazonium tetrafluoroborate with graphene showing the initial nitrophenyl (NP) 
functionalized graphene product. (b) Raman spectrum (with λEX ) 532 nm) of pristine exfoliated graphene 
and NP-functionalized exfoliated graphene. The inset shows an optical image of the graphene sample 
attached to a thicker graphene flake. (c) Raman spectrum of a bilayer exfoliated graphene sample and the 
same sample after the NP-functionalization reaction. The inset shows fitting of the 2D peak to four 
Lorentzians. (d) Spectra of the NP-functionalized graphene and bilayer graphene samples showing peaks 
with identical frequencies. ID/IG ) 
2.6
 for the NP-functionalized graphene spectrum shown and the fwhm of 
the G and D bands are 23 and 28 cm-1, respectively. (e) AFM height images of pristine and NP-




FIGURE 2. Characteristics of nitrophenyl (NP) functionalized epitaxial graphene. (a) Raman spectrum of 
NP-functionalized epitaxial graphene; the inset is an optical image of epitaxial graphene on the C-face SiC. 
ID/IG =2.6 and the fwhm of the G and D bands are 35 and 33 cm-1, respectively. (b,c) Raman spectra of 
pristine epitaxial graphene samples. The fwhm of the G bands in these two spectra are 15 and 14 cm-1 
respectively. The spatial distribution of the Raman profile varies between these two extremes across the 
wafer; the inset in panel b shows the 2D peak splitting pattern when fitted to four Lorentzians; in panel c, the 
single component 2D band has a fwhm of 18 cm-1. (d,e) AFM height images of epitaxial graphene before and 




FIGURE 3. The band gap in nitrophenyl-functionalized epitaxial graphene measured using ARPES. (a) 
ARPES measured NP-functionalized graphene band structure perpendicular to the Γ-K direction at the 
graphene K-point (incident photon energy is 36 eV). Two diffuse bands representing gapped Dirac cones are 
visible; dashed lines are used to highlight the bands. From the Δk broadening of the bands we estimate that 
the coherent domain size of the functionalized epitaxial graphene is ∼2 nm. (b) Constant energy cuts from 
panel a for different values of ky (curves are vertically displaced). Dashed curve show the cones with the 
band edge 0.36 eV below EF.  
 
 
FIGURE 4. Changes in the Raman spectra in exfoliated and epitaxial graphene due to NP-functionalization. 
The individual spectra have been offset vertically for clarity. The observation of the sharp A1g mode peak 
along with the shifted G and 2D bands is characteristic of a reorganized periodicity of the π-bonds in 
nitrophenyl functionalized graphene. In the NP-functionalized epitaxial graphene spectrum, ID/IG = 3.3. The 
inset shows the theoretical curve derived from a numerical fit to selected data in the literature, (see 
Supporting Information Figure S1) relating the variation of ID/IG to the fractional sp3 content [F(sp3)] in a-
C:H
.36  
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